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Recent advances in the manufacturing of graphene-based heterostructures have enabled the 
investigation of interlayer interaction phenomena in a wide parameter space and led to the 
discovery of intriguing interlayer correlated effects. Here, via utilizing the double-layer two-
dimensional electron systems consisting of graphene and the superconducting LaAlO3/SrTiO3 
heterointerface, the anomalous interlayer interaction between normal conductor and 
superconductor is explored via drag measurements. Negative drag signals are observed in the 
vicinity of the superconducting transition, and the emergence of an equivalent drag current 
flowing in the superconducting drag layer is verified. This effect is highly tunable by multiple 
external fields and exhibits giant current coupling ratio up to 50 in the zero-temperature limit, 
which may find its applications in designing novel superconducting electronic devices. 
Furthermore, the polarity and the special exponential-like temperature dependence of the 
current coupling ratio point to a brand-new mechanism. This study provides deep insight for 
future theoretical studies of interlayer coupling involving superconductors. 
 
Frictional drag effect is a transport phenomenon where a charge current (Idrive) flowing in the drive 
layer induces a voltage drop (Vdrag) in the drag layer between two closely spaced but electrically 
isolated conductors1. As a direct measure of the interlayer coupling, drag effect has been adopted as 
an effective tool to detect elementary excitations2,3, and more importantly, to realize intriguing 
interlayer correlated effects4-6, like excitonic superfluidity7-9 and even-denominator fractional Hall 
effects10,11. Recently, novel graphene-based heterostructures have renewed the interest in the interlayer 
drag effect12-19 due to their attractive properties, such as the high-tunability of carrier density across 
electrons and holes and the accessibility of ultra-small interlayer separation, which enable the 
investigation of interaction phenomena in a wide parameter space that could not be explored using 
conventional bilayer electron systems. Many novel interaction phenomena have been reported, 
including giant drag and magneto-drag effect near the charge neutrality point13,14, and magnetic-field-
induced superfluid state with largely-enhanced robustness18,19. 
Consequently, it is natural to consider replacing one of the layers with a superconductor20-27. In this 
hybrid structure, the drag test offers a promising method to detect the fluctuations of superconducting 
order parameters especially in the vicinity of the superconducting transition temperature23. The 
interactions between normal and superconducting carriers may lead to the supercurrent drag effect20,22 
that has been originally proposed to exist in 3He-4He mixture28,29 and neutron stars30. Furthermore, the 
potential formation of indirect hybrid excitons is quite intriguing. In fact, such experimental studies 
have been conducted in bilayer systems consisting of normal metal and superconducting metal films. 
Nevertheless, drag signals with contradictory polarities were observed in the vicinity of the 
superconducting transition in different studies21,22, and the corresponding theoretical understanding is 
yet to be clear20,23. It is important to emphasize that in these previous work both the normal conductor 
and the superconductor are not tunable, and the finite thickness of both of the layers induces 
inhomogeneous coupling along the z-direction. Furthermore, the relatively large interlayer spacing can 
potentially lead to a relatively weak response. 
The recent developments in two-dimensional (2D) superconductor31 as well as the advancements in 
the manufacturing of heterostructures enable revisiting these exotic interlayer interactions in novel 2D 
electron systems. Here via utilizing hybrid structure consisting of graphene and LaAlO3/SrTiO3 
(LAO/STO) heterointerface, the drag behaviors between a normal conductor and a superconductor are 
systematically investigated. In addition to the high carrier mobility and ambipolar tunability of the 
graphene layer32, LAO/STO also possesses intriguing physical properties such as interfacial 
conduction33,34, magnetism35, and especially the 2D superconductivity36,37 that can be easily tuned via 
electrostatic gating. In addition, the ultra-thin LAO layer functions as a natural insulating spacer 
located between the graphene and the LAO/STO conducting interface with a thickness down to 2 nm. 
Such a device enables the investigation of the interlayer coupling effects between normal and 
superconducting carriers with improved tunability, and moreover, the systematic collection of reliable 
data for elucidating the underlying mechanism. 
The schematic of the double-layer electron system consisting of graphene and 5-uc LaAlO3/SrTiO3 
is depicted in Fig. 1a (denoted as G-LAO/STO). Macro-scale graphene (~2 mm) grown via chemical 
vapor deposition instead of the one obtained from mechanical exfoliation is used to avoid 
nanofabrication-induced damage on the electronic performance of LAO/STO (see Methods for the 
experimental details). The pristine 2D superconductivity of LAO/STO interface is well-maintained in 
the final device38, manifesting as the observation of the typical Berezinskii-Kosterlitz-Thouless (BKT) 
transition36,37 (see Note 1 for details). Furthermore, the interfacial superconductivity of LAO/STO can 
be easily tuned (Fig. 1b) using the back-gate voltage (VBG) applied to the STO substrate, similar to 
previous work37,39. The impact of VBG on the doping level of graphene is negligible (Figs. S1a,b), 
demonstrating the perfect shielding effect of LAO/STO. On the other hand, both the carrier type and 
the density of the graphene layer can be tuned with the interlayer gate-voltage (Vint) utilizing LAO as 
the dielectric layer, with negligible impact on the electronic performance of the LAO/STO interface 
(Fig. S1c). 
The drag measurements are conducted by applying DC drive current Idrive to the graphene layer and 
measuring the induced Vdrag at the LAO/STO interface (Fig. 2a, see Methods for the experimental 
details). Figure 2b depicts the obtained drag resistance (Rdrag=Vdrag/Idrive) as a function of temperature 
(T). The T-dependent resistance curve of LAO/STO interface is also plotted for comparison. Figure 2b 
demonstrates a negative drag signal accompanying the superconducting (SC) transition of the 
LAO/STO interface (Fig. 2b), while no detectable drag signal is observed when the LAO/STO 
interface is either at the normal state or the fully SC state. Thus, Rdrag exhibits a non-monotonic 
dependence on temperature reaching a maximum at T ~ 0.195 K. Applying a moderate magnetic field 
significantly enlarges the SC transition zone of LAO/STO, while the temperature range for the non-
zero drag signal is enlarged accordingly (see Fig. 2c and Fig. S2 for the parallel and perpendicular 
field cases, respectively). In addition, the peak of Rdrag shifts towards lower temperatures, consistent 
with the decrease of Tc for LAO/STO. As the magnetic field is further increased to 3 T, the quench of 
LAO/STO interfacial superconductivity and the disappearance of the drag signal occur simultaneously. 
This correlation becomes more apparent by sweeping the magnetic field, during which non-zero drag 
signal only occurs in the transition region between the normal state and the SC state (Fig. 2d). 
The validity of these findings is verified by conducting systematic tests. First, several possible 
origins of the emergent drag signal, including the leakage/tunneling effect, thermoelectric effect or 
pure electrostatic field can be easily excluded (see Note 2 for details). Besides, Vdrag shows good linear 
dependence on Idrive within 700 nA (see Fig. S3c), verifying the feasibility of using an Idrive of ±400 nA 
in the drag measurements. Deviation from a linear relation at relatively large Idrive should be arising 
from the Joule heating effect that depresses the superconductivity of the LAO/STO interface. Note that 
when the drive and drag layers are interchanged, i.e., LAO/STO interface functions as the drive layer, 
while graphene functions as the drag layer, significant fluctuations of Vdrag-Idrive curve hinders the 
acquisition of accurate drag signal values (Fig. S6). Similar fluctuations have also been observed in 
drag measurements of graphene-GaAs heterostructures40, and have been identified as a consequence 
of phase coherent quantum transport that normally emerges at low temperatures12,41. 
The strong correlation between drag signal and superconducting transition, and the asymmetric 
behavior upon interchanging the drive and the drag layer, are in agreement with the observations in a 
previous study22 where it was claimed that the supercurrent drag has been detected. That is, the 
interlayer interaction is considered to induce a current flow in the superconductor (drag layer). The as-
induced drag current Idrag was considered to be a part of the driving current but with a different 
scattering time, which can be calculated from the expression Vdrag=Idrag*RLAO/STO. The observations 
presented in this work can be roughly explained using this phenomenological relationship: Rdrag should 
be zero while the drag layer is at the normal state or the SC state, since Idrag = 0 and RLAO/STO = 0 for 
these two cases, respectively. The peak of Rdrag is attributable to the competition between the increasing 
Idrag and the decreasing RLAO/STO with decreasing temperature in the SC transition region. To further 
validate this picture, a special double source measurement, i.e., applying current both to the graphene 
and the LAO/STO interface and measuring the voltage drop in the LAO/STO layer, is conducted in a 
different G-LAO-STO device (see Note 3 and Fig. 2e for details). Linear superposition relation is 
found between the obtained open circuit voltage induced by the drag effect and the conventional Ohmic 
contribution (Fig. 2f), demonstrating the emergence of an equivalent current flow in the 
superconducting drag layer, originating purely from interlayer interactions. Consequently, in the 
following sections, this observation is referred to as the supercurrent drag effect where its systematical 
evolution behavior and the microscopic mechanism are further explored. 
The high tunability of the LAO/STO interfacial superconductivity, together with the relatively wide 
2D SC transition region arising from the finite-size effect (see Note 4), enable us to investigate the 
drag effect in a wide parameter space. In particular, the phase diagram of LAO/STO interface as a 
function of temperature and carrier density can be mapped out by tuning VBG, as demonstrated in Fig. 
3a. A superconducting dome with a maximum Tc ≈ 205 mK at ~27 V is obtained by varying VBG. 
Here, for simplicity, Tc is defined as the temperature at which the resistance falls below 10% of its 
value at T = 0.4 K. The dome-like behavior agrees well with previous studies37,42, further 
demonstrating that the pristine superconductivity of LAO/STO interface in the present G-LAO/STO 
device is well maintained. Next, systematic drag measurements are conducted to obtain a similar 
phase-diagram for Rdrag (Fig. 3b). As clearly shown in Fig. 3b, the regions where Rdrag is non-zero also 
constitute a dome-like shape with respect to VBG. More strikingly, when the Tc curves of LAO/STO 
are superimposed in Fig. 3b, an excellent overlap is obtained among the data sets over the entire gate-
voltage range. The magnetic field (B)-VBG phase diagrams of RLAO/STO and Rdrag also demonstrate a 
similar agreement, as depicted in Fig. 3c and Fig. 3d, respectively. 
Here we would like to address that drag effect in the present G-LAO/STO device is significantly 
enhanced compared to studies performed on conventional systems22, since the value of the obtained 
drag resistance is an order of magnitude larger. Next, we introduce the concept of current coupling 
ratio r = Idrag/Idrive according to previous study
22 in order to take into account the resistance of the 
superconductor layer. Since Idrag/Idrive =(Vdrag/RLAO/STO)/Idrive = Rdrag/RLAO/STO, |r| can be calculated from 
Figs. 3a and 3b. Figure 4a clearly illustrates the dome shaped |r| versus VBG profile. At constant VBG, 
|r| first increases monotonically with decreasing T (Fig. 4b), and then becomes unable to obtain upon 
the entrance of the fully SC state of the LAO/STO (RLAO/STO ~ 0), where the absolute error approaches 
infinity. Notably, the maximum value of |r| reaches ~0.3 from the mapping data (Fig. 4a). As a 
comparison, |r| is on the order of 10-3 for the study in which AlOx (Au/Ti) serves as the superconductor 
(normal conductor) layer22. The high value of |r| in the present G-LAO/STO device can be further 
verified via the above mentioned double source measurement (Figs. 2e and 2f), as detailed in Note 3 
and Fig. S8 in the Supplementary Information. There are two main advantages associated with the 
substantially enhanced interlayer coupling: the ultra-small interlayer spacing, and the uniform 
interlayer interaction in the z-direction, which benefit from the 2D nature of the two layers. Besides, 
the relatively low carrier densities of graphene (LAO/STO interface) compared to the normal metal 
(superconducting metal) can lead to a reduced screening effect on the interlayer interaction, which may 
also contribute to the large drag effect. 
Several mechanisms have been theoretically proposed to explain the experimentally observed drag 
signal in the vicinity of superconducting transition for conventional systems. One typical explanation 
is the interlayer Coulomb interaction between the electrons in the normal conductor and Cooper pair 
in the superconductor20. Since this model is based on the interlayer momentum transfer, the as-induced 
drag signal should be positive (negative) when the carrier polarity in the two layers is different (the 
same)4,12, even though one of the layers is replaced with the superconductor. However, for the data 
presented above, the carrier types of the graphene and LAO/STO interface are hole and electron, 
respectively. The negative polarity of the observed drag signal could thus exclude such a pure Coulomb 
interaction mechanism. Another possible origin is the inductive interference between the electrons in 
the normal conductor and the mobile vortices in the superconductor23, in which the local mobile 
vortices induced by the local fluctuating electric field in the superconductor layer are considered to be 
the key factor. According to this mechanism, the drag signal should be always positive. Hence, it can 
also be easily excluded considering the negative polarity of drag signal obtained in the present G-
LAO/STO device (see Note 6 for more evidences). 
To further explore the underlying mechanism for the observed supercurrent drag effect, a more 
quantitative analysis on the current coupling ratio |r| is conducted. Note that |r| increases monotonically 
with decreasing temperature, consistent with the superfluid density ns profile in a superconductor
43. 
For LAO/STO, ns can be described as ns = n0[1 – (T/Ts)], where n0 is the superfluid density at zero 
temperature, Ts is the temperature where Cooper pair start to emerge
43,44. We thus used similar formula 
(|r| = r0[1 – (T/T*)]) trying to fit the |r| vs T curve, but failed (Fig. 4b), suggesting that the interlayer 
interaction is not purely determined by the superconductor layer. In contrast, we finally revealed that 
the temperature dependence of |r| actually can be well-fitted using the expression: |r| ~ r0exp(-T
2/2T*2) 
[1] (Fig. 4b, see Fig. S11 for the results of another device), where r0 represents the current coupling 
ratio at zero temperature, and T* determines the rate of change of |r|. This equation can be extrapolated 
to the temperature region where |r| cannot be experimentally obtained (as discussed above). Figure 4c 
demonstrates that Equation [1] can be applied to most of the curves taken under different VBG, and the 
extracted r0 and T* are shown in Fig. 4d. It is clear that r0 exhibits a typical non-monotonic behavior, 
with its maximum occurring around the peak of the superconducting dome of the LAO/STO interface 
(Fig. 3b). Strikingly, the maximum value of r0 can reach ~50. That is, in the zero-temperature limit 
applying a drive current can induce a 50 times larger secondary current in the superconductor layer in 
close proximity, which may prove to be useful in the further development of superconducting 
electronic devices. Such a strong interlayer coupling should be related to the non-dissipative nature of 
the superconducting current, as well as the as-mentioned advantages benefiting from the 2D nature of 
the two layers used in this work. 
The observed large supercurrent drag effect is still attributable to the interaction between the normal 
and superconducting carriers, although the underlying microscopic coupling mechanism remains to be 
explored. Actually, upon further investigation, we found that the drag signal remains negative upon 
tuning the graphene layer across the Dirac point via Vint (Fig. S12), implying a carrier-polarity-
independent microscopic origin, which is still consistent with the inductive interference mechanism to 
some extent. Nevertheless, Rdrag reaches a maximum when the graphene layer is at the Dirac point, 
demonstrating the anti-correlations between the drag signal and the carrier density of the drive layer, 
which shares some similarities to that of Coulomb interaction model. The abundant characteristics 
revealed in the present study may offer important insight for future theoretical studies. 
In conclusion, the interlayer coupling effect in bilayer electron systems consisting of graphene and 
LAO/STO heterostructure is systematically investigated via drag measurements, in which non-zero 
drag signal is observed only when LAO/STO is within the superconducting transition regime. Further 
investigations reveal that such an effect should originate from the introduction of a current flow in the 
superconductor layer. Utilizing the 2D nature of the two layers, the as-obtained supercurrent drag 
effect possesses high tunability, with the magnitude of coupling ratio much larger than that in previous 
studies based on conventional materials. Though much effort is still needed to clarify the intrinsic 
nature and the microscopic contributions, the intriguing evolution behaviors presented in this work 
under multiple external fields will definitely prove to be useful as a reference for future theoretical 
studies. Furthermore, the realization of an anomalous interlayer coupling ratio makes this 2D hybrid 
structure an attractive candidate for developing novel superconducting electronic devices. 
 
Methods 
Device fabrication: LAO/STO heterostructures were fabricated using pulsed laser deposition similar 
to those described in our previous study45. The high-quality of the as-prepared samples, e.g. ultra-flat 
surfaces and good interfacial conductivity, were carefully verified prior to the following procedures. 
Monolayer graphene sheets were grown on Cu foils by chemical vapor deposition46. Large-scale and 
uniform graphene flakes (∼2 mm in size) were chosen and then transferred directly onto LAO/STO 
surface following a similar method reported previously47,48. For the transport measurements, Al wires 
were connected to the LAO/STO interface and the graphene layer using ultrasonic welding and silver 
conductive paint, respectively. Ti/Au contacts (5/50 nm) were fabricated on the back side of the STO 
substrates to apply the back-gate voltage VBG. 
Transport measurements: The transport measurements were performed in an Oxford Instruments 
Triton Dilution Refrigerator. During the drag measurements, DC mode was adopted to avoid the 
possible influence of capacitive reactance in AC measurements13. Keithley 6220/6221 and 2182A were 
employed to supply the currents in the drive layer and measure the voltage drops in the drag layer, 
respectively. To eliminate the voltage background of 2182A, the current was actually applied using a 
bipolar mode, and the voltage was obtained by taking the average of the measured voltages at positive 
and negative currents. 
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Figure 1. The G-LAO/STO device. a) Schematic illustration of the G-LAO/STO device. b) Resistance of 
LAO/STO (RLAO/STO) as a function of temperature for VBG from -200 to 200 V in steps of 50 V. c) Resistance 
of graphene (Rgraphene) as a function of Vint measured at 50 mK. VBG is set as -200 V during the measurement. 
 
  
 Figure 2. Interlayer drag effect in the G-LAO/STO device. a) Schematic illustration of the set-up for drag 
measurements. b) Drag resistance (Rdrag) and normalized resistance of the LAO/STO interface (R/Rn) as a 
function of temperature. Rn is the resistance of the LAO/STO interface at 500 mK where the LAO/STO interface 
is at the normal state. The SC regime corresponds to the SC state of LAO/STO, i.e. RLAO/STO ~0. c) Temperature 
dependent Rdrag and R/Rn measured under 1 T and 3 T in-plane magnetic field (B//), respectively. d) B// dependent 
Rdrag and R/Rn measured at 100mK. e) Schematic illustration for double source measurement. f) VLAO/STO as a 
function of ILAO/STO and Igraphene. Measurement was taken at T = 50 mK and VBG = -70 V in a G-LAO/STO device 
in which 10uc-LAO was used. The dash line corresponds to VLAO/STO = 0 V. 
 
 Figure 3. Phase diagrams for the observed drag signal. a) R/Rn and b) Rdrag as a function of VBG and 
temperature T. Rn is the resistance of the LAO/STO interface at 400 mK measured under zero magnetic field 
and the corresponding VBG. c) R/Rn and d) Rdrag as a function of VBG and B//, the measurements were conducted 
at 100 mK. The orange dashed lines in a-d correspond to R/Rn = 10%. 
  
 Figure 4. Detail analysis on the interlayer current coupling ratio. a) Calculated coupling ratio |r| as a 
function of VBG and T. b) |r| as a function of T at VBG=0 V and the corresponding fitting curves obtained using 
different formulas. Inset: the semi-logarithmic scale plot in the low temperature region. c) |r| vs T2 plotted on a 
semi-logarithmic scale for varying VBG. The gray dashed lines are the fitting curves using |r| ~ r0exp(-T
2/2T*2). 
d) Extracted r0 and T* as a function of VBG from c. 
 
